Intraspecific variation in behavior has largely been neglected by community ecologists to date. Recently, however, a number of studies demonstrated that intraspecific variation can have profound consequences for species interactions and thereby alter community dynamics in solitary organisms. Here, we study how intraspecific variation in collective behaviors (also called "collective personalities") affects the outcome of resource contests between 2 co-occurring species of ants, Temnothorax longispinosus and T. curvispinosus. Our results revealed that intraspecific variation in colonies' exploration behavior and aggressiveness predicts the outcome of interspecific contests for food and nest sites. How exploratory behavior affected the outcome of the foraging and nest site contests depended on the species: exploratory behavior seemed to enhance performance in foraging contests in T. curvispinosus but diminish it in T. longispinosus. More interestingly, whether a species was successful in nest site contests depended not only on its collective personality but also on the personality of its opponent colony. Temnothorax longispinosus experienced greater success if its opponent colony had similar exploratory tendencies to its own. In contrast, T. curvispinosus performed best when its opponent colony exhibited a contrasting exploratory tendency to its own. Our data demonstrate that intraspecific variation in colony behavior can have consequences for contest outcomes and ensure that no one species or behavioral strategy consistently experiences superior success. This, in turn, might help to maintain variation in collective behavior in multiple interacting populations and prevent competitive exclusion of one of the species.
INTRODUCTION
Traditionally, studies in community ecology have neglected intraspecific variation in behavior and treated all individuals as if they were identical (Bolnick et al. 2003; Violle et al. 2012; Wolf and Weissing 2012) . Although consistent individual differences in behavior over time, termed animal personalities (Dall et al. 2004) , have been linked to survival and fitness in a range of animal taxa (Smith and Blumstein 2008) , it is still poorly understood how these differences in behavior alter community dynamics or structure (Bolnick et al. 2011; Sih et al. 2012) . Recently, however, studies have shown that intraspecific behavioral variation can have profound consequences for predator-prey interactions and may even facilitate species coexistence and diversity (Okuyama 2008; Post et al. 2008; Toscano and Griffen 2014) . These findings emphasize the importance of integrating individual differences in behavior into community ecology (Gordon 2011; Sih et al. 2012; Wolf and Weissing 2012; Modlmeier et al. 2015) and suggest that ignoring intraspecific variation can lead to simplified and incorrect conclusions regarding the outcome of species interactions.
Most of our understanding of the consequences of intraspecific variation in behavior for species interactions comes from studies on predator-prey systems considering the personality type (e.g., active or inactive) of prey (Réale and Festa-Bianchet 2003; Bell and Sih 2007; Krams et al. 2013) , predator (Ioannou et al. 2008; Exnerová et al. 2010) , or in few cases the personality types of both prey and predator DiRienzo et al. 2013; McGhee et al. 2013) . The latter studies demonstrate that it is important to consider the interaction between the behavioral tendencies of both species to reliably predict the outcome. For instance, active jumping spiders have a higher foraging success if they are together with inactive crickets and vice versa (Sweeney et al. 2013) . Although far less is known about the consequences of intraspecific behavioral variation for interspecific competition, a recent study on 2 ecologically similar species of sticklebacks suggests that personality types can also strongly influence the outcome of resource contests. Webster et al. (2009) demonstrated that resource contests between threespine and ninespine sticklebacks are driven by differences in individual boldness and independent of species, with bolder individuals consuming a larger prey share. This, in turn, may play a role in these species' coexistence.
Here, we study how intraspecific variation in behavior influences interspecific resource contests between ants. Although entire ant colonies have long been known to behave in idiosyncratic ways (Wheeler 1911) , researchers have only recently quantitatively demonstrated that social insect and spider colonies can exhibit intraspecific variation in behavior at the colony level Pruitt et al. 2013; Modlmeier et al. 2014a; Wiernasz et al. 2014) , also known as collective personalities (Wray et al. 2011; Scharf et al. 2012) . Although there is increasing interest in intraspecific variation in collective behaviors in social insects (Pinter-Wollman 2012; Bengston and Jandt 2014; Jandt et al. 2014) , particularly regarding the mechanisms that help create variation among colonies Hui and Pinter-Wollman 2014; Modlmeier et al. 2014b; Bengston and Dornhaus 2015; Keiser et al. 2015) , empirical studies on their consequences remain scarce (but see Blight et al. 2015) . This is surprising because ants are an intriguing model system to examine the consequences of intraspecific behavioral variation, and in particular its impact on species interactions, because they are one of the most dominant animal groups in ecosystems all around the world, comprising as much as one-fifth of the total animal biomass (Wilson 1987) .
One of the key determinants driving local ant assemblages is interspecific competition (Adler et al. 2007; Parr 2008; Cerdá et al. 2013 ), which has been described as the "hallmark of ant ecology" (Hölldobler and Wilson 1990) . It is therefore not surprising that there is a rich literature devoted to the mechanisms of interspecific competition among ants (Davidson 1998; Sanders and Gordon 2000; Pearce-Duvet et al. 2011) , particularly regarding the introduction of invasive ant species (Morrison 2000; Drescher et al. 2011; Mothapo and Wossler 2014) . These studies typically classify ant species into dominance hierarchies according to their interspecific differences in aggressiveness and foraging behavior (Cerdá et al. 2013 ) but neglect intraspecific behavioral variation. As recently pointed out by Lessard et al. (2009) , the mechanisms that promote species coexistence in ants in spite of the strong interspecific competition are generally elusive but are thought to rely on interspecific trade-offs between a species' ability to discover and defend a resource (coined "discovery-dominance trade-off") or its dominance and thermal tolerance. The "discovery-dominance tradeoff" would allow a subordinate species to coexist with a dominant species if the subordinate species is quicker in locating food but not able to defend it against dominant species (Fellers 1987) . However, a recent meta-analysis by Parr and Gibb (2012) revealed that discoverydominance trade-offs are uncommon and rarely explain species coexistence. Examining the role of intraspecific variation in behavior for resource contests could shed more light on the behavioral mechanisms that drive the outcome of interspecific competition and how they may facilitate species coexistence (e.g., via intraspecific variation in risk tolerance: Bengston and Dornhaus 2014) . This should be particularly important for competition between ecologically similar species, when interspecific differences in competitive abilities, for example, aggressiveness, are less severe (Lichstein et al. 2007; Webster et al. 2009 ).
We tested whether variation in colony-level aggressiveness and exploratory behavior can predict the outcome of paired contests over food and nest sites between 2 congeneric acorn ant species, Temnothorax longispinosus and T. curvispinosus. These species form small colonies (average number of workers <100; Headley 1943) and have overlapping ranges in the northeastern United States. They use preformed cavities in acorns, hickory nuts, or sticks as nest sites that decay over time. Therefore, nest sites can be considered a limiting resource that may cause intra-and interspecific competition in cavity-dwelling ants (Herbers 1989; Foitzik and Heinze 1998) , which is presumably mediated by behavioral interactions. Acorn ants are generalist omnivores and are presumed to not have foraging territories or engage in territorial contests (Heinze et al. 1996) . Consequently, we predict that foraging success will be independent of aggressiveness, but higher in the more exploratory colonies. In contrast, both aggressiveness and exploratory behavior should determine the outcome of nest site contests because Temnothorax ants are known to exhibit fierce nest site competition that can even lead to the expulsion of one colony by another (Foitzik and Heinze 1998) . Accordingly, we predict that aggressive and exploratory colonies will win contests for nest sites.
MATERIALS AND METHODS

Collection and lab maintenance
Temnothorax longispinosus were collected in Harpersfield, Ashtabula County, OH, and at the Huyck Preserve, Albany County, NY, in spring 2013. Temnothorax curvispinosus nests were collected in Harpersfield, in spring 2013. Here, we refer to ants collected within a single nest site as colonies (following Modlmeier and Foitzik 2011; Modlmeier et al. 2012) . Upon collection of the colonies, they were brought to the laboratory and kept under identical conditions for 1 year prior to the experiment. This laboratory housing has one big advantage over any testing done in the field. Any short-term plastic changes in behavior due to environmental fluctuations (e.g., encounters with slavemaking ants that cause an increase in aggressiveness; see Pamminger et al. 2011) can be completely avoided. Even when colonies are tested right after collection, lab artifacts cannot be avoided because the stress of collection, handling, and transport could strongly influence a colony's behavior for unknown periods after collection. Although lab artifacts are a general problem of laboratory studies in behavioral ecology, we never encountered any changes in behavior due to continued laboratory maintenance. Furthermore, previous studies have shown that colony-level behaviors remain consistent for several months after collection in T. longispinosus (Modlmeier and Foitzik 2011; Modlmeier et al. 2012) . To avoid lab artifacts as much as possible, we simulated winter conditions using growth chambers to allow a seasonal development of brood as it is typical for the temperate species used in this study. All colonies were kept in glass and acrylic artificial nests (7.5 × 2.5 × 0.5 cm) in clear plastic boxes (14 × 13 × 4 cm). They were provided weekly with honey, pieces of crickets, and water ad libitum. For the study, we used 20 queenright colonies from each species that contained at least 19 workers. The 40 smallest colonies fitting these prerequisites were chosen to approximate the natural range of colony size. At the start of the foraging contests, these 40 colonies contained between 19 and 125 workers, and the average (±standard error) worker number (T. curvispinosus = 55.20 ± 5.35, T. longispinosus = 57.70 ± 5.38) did not differ between species (t-test: t = −0.33, degrees of freedom [df] = 38, P = 0.74, n = 20 per species). We censused the workers before the foraging and nest site contests.
Intraspecific variation in collective behaviors
Colony-level aggression Following Scharf et al. (2012) , we measured the interspecific aggression levels of colonies by inserting a freshly defrosted dead worker of the opposite species into each nest and counting how many workers behaved aggressively toward this opponent over a period of 5 min every 20 s (15 total observations). We used a freshly defrosted dead opponent to avoid potential influence by the opponent's behavior and because a previous study had demonstrated that aggression against defrosted dead opponents is a good predictor of aggression against live opponents in these ants (Modlmeier and Foitzik 2011) . Aggressive interactions included mandible spreading (threat display), biting, dragging, and stinging. The aggressiveness of each colony was quantified as the total number of aggressive interactions. Aggression trials were performed 5 times (every second day) for each colony to assess the aggression index (average aggressiveness during the 5 trials) and its repeatability, which describes the proportion of behavioral variance that occurs within a colony (Lessells and Boag 1987) . Repeatability is one of the most widely used metrics to describe consistency in behavior and has also been used as an upper limit estimate for the genetic basis of behavior (Bell et al. 2009 ).
Colony-level exploratory behavior
Beginning at the conclusion of the aggression trials, and before the start of the exploration trials, all colonies were starved for 3 weeks to insure that they would send out workers to search for food. To assess their exploratory behavior, we put the colony in a large arena with 8 small fresh leaf clippings and then counted how many clippings the colony's workers antennated within 1 h. Although we could have used any novel objects to test their exploratory behavior (e.g., spices; Modlmeier and Foitzik 2011), we decided to use a variety of leaf clippings because Temnothorax workers are known to collect "honeydew" droplets from the surface of leafs (Lynch et al. 1988 ). The arenas (44 × 56 × 0.8 cm) had Plexiglas floors/lids and rubber walls sealed to the Plexiglas with silicone sealant. Eight different leaf clippings were used (Ailanthus altissima, Hedera helix, Juniperus spp., Morus spp., Platanus occidentalis, Quercus albus, Taxus spp., Trifolium spp.). The clippings were randomly arranged at fixed distances (14, 23, and 30 cm) from the entrance in a standardized geometry. We placed the nest entrance in the center of the arena and alternated which way the nest faced between trials. Exploration trials were performed every second day 5 times for each colony to assess the exploration index and its repeatability.
Interspecific contests
Foraging contests Three days after the completion of the exploration trials, we started the resource contest trials. At the onset of these trials, the ants had not eaten for 5 weeks. Colonies were paired according to colony size (paired t-test: t = −1.07, df = 19, P = 0.30, n = 20). The contests took place in the arenas previously described in the colony-level exploratory behavior trials. In the center of the arena, we provided 5 µL of 0.8 M sucrose. We positioned the 2 colonies 10 cm from the sucrose solution on opposing sides of the arena. For each species, we counted every 5 min (for 180 min) how many workers from each colony were drinking the sucrose solution. As a measure for foraging success, we then summed the total number of workers that were observed drinking at the sucrose solution across the 36 observations.
Nest site contests
Four days after the foraging contests (and 1 day after all colonies were fed), we began the nest contest trials. We decided to remove 1 colony pair from this assay because one of its colonies had experienced a sudden increase in worker number (from 23 to 114 workers) and we wanted to avoid a large difference in the colony sizes of the contestants (which was not the focus of this study). The remaining 19 colony pairs did not differ in colony size (paired t-test: t = 1.07, df = 18, P = 0.30, n = 19). The nest contest was performed in a large arena (16 × 29 × 12 cm), with an empty nest in the middle. We placed the 2 colonies 9 cm from this empty nest on opposing sides of the arena and destroyed the old nest sites of both colonies (by removing the roof and walls of each nest) to start the contest over the remaining empty nest in the center of the arena. After 48 h, we noted which species had moved into the new nest and counted how many workers were alive and in the nest.
Nest site occupation success was calculated by subtracting the proportion of T. longispinosus workers in the nest (workers in the nest divided by colony size) from the proportion of T. curvispinosus workers in the nest. This resulted in a continuous index with a range between −1 (T. longispinosus won the contest with all of its workers in the new nest/no mortality), 0 (no one was able to move into the new nest), and +1 (T. curvispinosus won the contest with all of its workers in the new nest/no mortality). This index allowed us to avoid problems related to the co-dependence of the nest site contest outcome. Only one of the species or neither occupied the nest site after 48 h, that is, there were no fusion events.
Statistical analysis
Intraspecific variation in collective behaviors
To estimate the repeatability of colony-level aggressiveness and exploratory behavior for each species, we calculated the intraclass correlation coefficient from the within-and among-group variance components derived from 1-way Anovas following the guidelines outlined in Lessells and Boag (1987) . To investigate whether aggressiveness and exploratory behavior were linked in a behavioral syndrome, we performed 2 Pearson correlations (one for each species).
Interspecific variation in collective behaviors
To test whether the 2 species differed in colony-level behavior, we calculated the mean aggressiveness and exploratory behavior scores across the 5 assays for each colony and compared average behavior score between species using t-tests.
Interspecific contests
To analyze how the colony-level behaviors influence the outcome of the foraging and nest contests, we used a model selection approach and generalized linear models (GLMs) with a normal distribution and identity link. The best model was determined via the Akaike information criterion corrected for small sample size, hereafter AICc (Johnson and Omland 2004) . The following independent variables were included in all models: average aggressiveness, exploratory behavior scores of both contestants (4 variables, 2 per contestant), and all 2-way interactions among these behaviors. In addition, we also included collection site to control for potential differences in behavior between T. longispinosus collected in New York and in Ohio. For the nest contest, we used nest site occupation success as the dependent variable. For the foraging contest, we used foraging success (total number of ants drinking) for each species as the dependent variable and also included colony size of the focal species (we did not include the opponents' colony size to avoid multicollinearity) to control for colony size differences across pairs. Because the independent variables were not on the same scale, model estimates were standardized by multiplying the unstandardized estimate with the fraction of the standard deviation (SD) of the independent variable (SD x ) divided by the SD of the dependent variable [std. estimate = raw estimate × (SD x /SD y )] following Schielzeth (2010) .
RESULTS
Intraspecific variation in collective behaviors
Colony-level aggressiveness was repeatable in T. longispinosus (r = 0.219, df among/within groups = 19/80, P = 0.003) and T. curvispinosus (r = 0.206, df among/within groups = 19/80, P = 0.005). Similarly, colony-level exploratory behavior was repeatable for both species, but interestingly, T. curvispinosus possessed a repeatability that was almost twice as high (r = 0.354, df among/within groups = 19/80, P < 0.0001) as that of T. longispinosus (r = 0.182, df among/within groups = 19/80, P = 0.01). Aggressiveness and exploratory behavior were not correlated in either species (Pearson correlations: both P > 0.12).
Interspecific variation in collective behaviors
Temnothorax longispinosus and T. curvispinosus did not differ in average colony-level aggression (t-test: t = −1.01, df = 38, P = 0.31, n = 20 per species) and its variance (F-ratio variances = 2.11, P = 0.11). However, they differed significantly in average colony-level exploration (t-test: t = 2.03, df = 38, P = 0.049, n = 20 per species) with T. curvispinosus exhibiting a higher number of leaf clippings explored (mean = 4.25) than T. longispinosus (mean = 3.15). Finally, the variance of colony-level exploration did not differ between both species (F-ratio variances = 1.28, P = 0.59).
Foraging contests
The best GLM predicting foraging success revealed that T. longispinosus colonies that are more aggressive (Figure 1a ; GLM: std. estimate = 0.59, df = 1, Wald stat. = 11.26, P < 0.001), but less exploratory (std. estimate = −0.37, df = 1, Wald stat. = 4.28, P = 0.039) showed a higher foraging success. In contrast, T. curvispinosus colonies showed higher foraging success when their colonies were more exploratory (Figure 1b ; std. estimate = 0.51, df = 1, Wald stat. = 7.03, P = 0.008). Interestingly, the behavior of the opponent was not part of best model describing foraging success in either species. Furthermore, species itself did not predict foraging success (paired t-test: t = 0.13, df = 19, P = 0.90, n = 20).
Nest site contests
Out of the 19 contests, T. curvispinosus inhabited the nest in 9 cases, T. longispinosus occupied the nest in 8 cases, and in 2 instances no one moved into the nest. Hence, species identity did not predict who occupied the nest after 48 h (Yates chi-square = 0.03, df = 1, P = 0.86). The best model predicting success in nest site contests (Table 1) revealed that T. curvispinosus is more successful when their colonies are more exploratory (GLM: std. estimate = 1.60, df = 1, Wald stat. = 12.47, P < 0.001). Conversely, T. longispinosus colonies are less successful when they are more exploratory (std. estimate = 1.58, df = 1, Wald stat. = 8.47, P = 0.04) and aggressive (std. estimate = 0.47, df = 1, Wald stat. = 7.31, P = 0.007). To interpret the interaction between the exploratory behaviors of both species (std. estimate = −2.49, df = 1, Wald stat. = 11.91, P < 0.001), we generated a contour plot (Figure 2 ) depicting how the nest site occupation index (z) changes as a function of T. curvispinosus exploration (x) and T. longispinosus exploration (y) using the raw estimates of the GLM (z = −3.31 + 0.69 × x + 0.74 × y − 0.18 × x × y). Accordingly, T. longispinosus is more successful when both species exhibit similar exploratory tendencies, that is, exploratory versus exploratory and nonexploratory versus nonexploratory (Figure 2 ; green color). In contrast, T. curvispinosus benefits if the pairs differ strongly in their exploratory tendencies (blue color).
DISCUSSION
Our study is the first to empirically demonstrate that the interaction between 2 species' collective personality traits can predict that outcome of interspecific contests. Specifically, whether exploratory Temnothorax ant colonies experienced increased or diminished success during contests depended on the species, suggesting fundamental differences across species in how collective behavior affects the outcome of competitive interactions (Table 2) . Moreover, the performance of collective personality types in nest site contests depended on the personality type of the heterospecific competitor. This suggests that frequency-dependent selection could help maintain intraspecific variation in multiple species via competitive interactions analogous to earlier results in predator-prey systems (e.g., Pruitt et al. 2012) . Our results revealed that intraspecific variation in colony-level exploratory behavior and aggressiveness predicts foraging success in interspecific contests, indicating that these behaviors could be under selection in areas where food is limited. Surprisingly, how exploratory behavior guided foraging success was strongly speciesspecific: exploratory T. curvispinosus colonies showed a higher foraging activity (Figure 1b) , whereas T. longispinosus colonies experienced diminished performance if they were exploratory but benefitted from being more aggressive (Figure 1a) . Accordingly, our results could be a good example for a dominance-discovery trade-off, in which T. longispinosus is the dominant species (that benefits from being aggressive) and T. curvispinosus is the discoverer (that benefits from being exploratory).
No species had an obvious advantage during the nest site contests. Contrary to our predictions, aggressiveness did not improve a colony's competitive ability but instead had no effect (T. curvispinosus) or a negative effect (T. longispinosus) on the contest outcome. This is a surprising result because in isolation (without a competitor) T. longispinosus colonies with more aggressive workers are faster in relocating their nest after disturbance (Modlmeier et al. 2014b) . How can it be explained that aggressiveness did not improve a colony's competitive ability? It is possible that our measure of aggressiveness does not reflect how workers behave during an actual nest site contest (cf. Human and Gordon 1999) or that other factors swamp the variation in aggressiveness. For instance, competition for nest sites could be strongly influenced by priority effects where the species with the higher initial abundance can exclude even superior competitors (Amarasekare 2002) . Accordingly, exploratory behavior should be more important than aggressiveness if it allows one species to establish a numerical advantage during the occupation of the nest site. Indeed, whether a species was able to occupy the nest site during the paired contests depended not only on its own exploratory tendencies but also on the tendencies of its heterospecific competitor. Specifically, T. curvispinosus colonies were more likely to win the nest contest when they were paired with T. longispinosus colonies with opposing exploratory tendencies, that is, exploratory versus nonexploratory (Figure 2 ; blue-colored areas). In contrast, T. longispinosus colonies were more successful when competing with T. curvispinosus of the same exploratory tendencies, that is, exploratory versus exploratory and nonexploratory versus nonexploratory (Figure 2 ; green-colored areas). When colonies with intermediate exploratory tendencies were paired, no clear winner emerged and the outcome was unpredictable. At least in Temnothorax, intraspecific variation in colony behavior appears to ensure that no one species or strategy ever experiences consistently superior success. Although it is still premature to make any grandiose assertions about the role of collective personality in maintaining species coexistence in these ants, our results herein make it difficult to ignore the possibility. This is in line with earlier studies in predator-prey systems that demonstrated that it is important to consider the interaction between the behavioral tendencies of 4 5 6 7 8 > 1.5 < 1.5 < 0.5 < -0.5 < -1.5 < -2.5 < -3. multiple species to reliably predict interaction outcomes (DiRienzo et al. 2013; McGhee et al. 2013; Sweeney et al. 2013) . Intraspecific trait variation is increasingly being incorporated into ecological models (Bolnick et al. 2011; Violle et al. 2012) , and the prediction that individual variation alters community dynamics is gaining empirical traction in a variety of systems (Post et al. 2008; Katano 2011; Pruitt and Ferrari 2011) . Although intraspecific trait variation in behavior has been found to predict the outcome of predator-prey interactions in several solitary species (Ioannou et al. 2008; Exnerová et al. 2010) , this study is the first to empirically demonstrate that the interaction between 2 species' collective personality types can predict that outcome of interspecific contests. Our data herein reveal interesting patterns in how colonies' collective personalities shape their contest performance and hint at the possibility that intraspecific variation in colony behavior could play a role in maintaining diversity at multiple levels: 1) facilitating species coexistence (interspecific variation) and 2) preserving variation in the behavior of colonies within each species (intraspecific variation). Thus, we propose that systems like Temnothorax could yield deeper insights into how different tiers of ecological diversity interact, for example, when and how diversity of one type begets or extinguishes diversity of another. We hope that our studies herein are just part of the beginning steps of an animal personality literature aimed at these greater, pressing ecological questions.
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